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Abstract

Siliclc volcanism is cocmonly preceded by eruptinn of basalt.

Similarly, the earliest phases of Granitic plutonic complexes are of-

ten gabbro or diorfte. E!asaltr.e~:-arust play a role in the initi-

ation of a large sl?icic ~aq~a Syste-, but thrc~ llncs of cviden~e

suggest that basalt magma also enter; ;ili:ic ch~nbers and influences

their further evolution: (1) Cont230racwus b~~alt “Q,,ts flank

silicic wlcanicc enters. (2} Therrzl roc!els of silcic bodies sug-

gest that their heat must be replenishxl to raintain thw in the upper

crust for their observed life span. (3) Petrolnqlc dat~ indicate that

mafic clots and “cognate” xenolit!?scorron in granodioritc ad ands-

site represent basalt macp quenchw! within active silicic nag~r

chambers. Phase assemblages 1:1 wlc~nic rocks ?Td bulk cwposition OF

volcanic and plutonic rocks in suit~s of this type show that much of

the variation in erupted or crystallized end products is dlleto this

interactiflnof basaltic and rhyo?itic ragnias.

It is proposed that basalt m.agrafrom the upper mantle provides

heat for generating rhyolitic melt in the lower crust, and that the

resulting rhyollte magma body contin’~esto receive injections of ba-

salt as It rises throuqh the cru%t. Implicationsof this model are:

(1) the dewlopment of a sflicic syst~v deperidson th~ intensity of

basaltic volcanism and the ability of the lo!~arcrust to produce a

rhyolitlc melt. (2) The rel~.tlvcvolu--eof intwrediatc versus basal-

tic and rhyoiitic end products devandc m the extent of convective

stlrrinl, It apoears that tne Influcncc rJf t~ctonic scttinq m cru5-

tal residence time nf silicic cha!’~+rz controls to wh~ltdegree the

Systwl is homogenized.
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c?cse zcd cuartzm In resac~se to injection o? basalt into tke ~a$~a

:h~-her, sofllcalagioclase partially ralts to calcic plar:ioclase plus

li~mJid,fihichallows diffusion Iward from the surrounding mafic melt.

Eis results in & cloIJQ zone consisting of calcic plagioclase. glass,

r.yroxww, and cpaques (Fia. 3 and 4), ~:~~n t~er~a~ gq~ilfbri~~ is

r~%ckec! and crystallizatlan resunes, ? nwnlly zoml cnlclc aver-

cvt”~thforrs OR the crystal. Oepending on the proportion of basnlt to..

rfiyolite,auartz is el~%r resorbed (dacite) or reacts with the liquid

to forr pyroxene (endesitn). If the rhyolits is at its liquldu% when



o----

riyinq occurs, no rhyo?!t.z-derived>henocrys:s ‘.;illbe [;r.?ccntin ~.h~

hybrid (c.q. Eichelbercer, 1975). The Q!1351?tisscnil?aq~(Jf the rhyu-

lite at i,heinstant of rixinc;is shn,m clearly by the us~w5!LII’: of

r“hyglite-derivedphsnccrysts in the porphyri:i: rin;lof b.+~~lticxecl-

liths (in Lassen dacite: quartz + a~desine + bicrtits).

Taken as a whole. th~ tey.tural reliltio’:shi:)% inlicdt!: th!lt Ldsfilt

‘agra breaks into qlo!~les as it intrudes rbyolit.sn,IgI-L.I!ixinqfic-

cgrs at the interfaces, ard the prcducts of intercr.tion - Lilcrl~,-i

strewn throughout the raqva body by convective stiri”inq. Ttle~{:~~1~

~?~bul~~ are vesicular ~~~a~se they ar~ co~le.~~:j nc;trssl !:~IIt, C,IIJC,-

ing vapor saturation of the residual liquid. Direct rnixi:’:;of rrlfic

ariisilicic liquids is ninar if the ~or~crtinv of intruducn.!bas~lt is

wall because the glo51.Ile;are quickly cr~y~t~llizu!. In I.i’sc!’ri

c!scite,this limited nixing is repres~nted by the thin ril~i!son the

xenoliths (Fig. 1). Cofiv5rse?y, Viheflttic prcportin:lof hdwit is

l?!rq~,direct mixing of liquids is more thOrO”J~h. The initi?l rltixturc

is still heterogeneous however, and when therral equilibrium is r~ach-

ed the rmre basaltic portions are rore crystal rich and are stre;m

through the rzagmaas clots and microxenclitks. Figure 3 illustrates

the products of basalt RCd rhyolite interaction for di-citeand and?-

site from Lassen Park. Figure 4 sh5’J/ssiizilarfeatures in ddcite from

Ecuador and andesite fror !?t.Baker. It should be emphasized that

these features are present in ~bundance in every thin section and that

these samples are typical of rocks from their respective regions.

Similar features have been described in the lavas of Ilt. Raini~r
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It has been suggested that quartz (Nicholls and others, 1971) and

sodic plagioclase (Hash, 1973) In andesit~ are products of crystal-

lization at high pressure. The presence of rhyolitic gl~ss inclusions

in the unmelted cores of these phases in andesite frcm Ecuador,

Lassen, and San Francisco Peaks clearly rules out this possibility for

these l~vas. Further, Drake (1976) has demonstrated that there is no

significant pressure effect to 10 kb on plagioclase-melt equilibria in

dry systems of basalt to rhyolite composition. The effect of water at

high pressures would shift plagioclase toward a more calcic compo-

sition (Yoder, 1969), and ascent of a hydrous magma would cause

crystclllzation, not melting. Do~ and ot~,ers(1959) have found that

partially inelted sodic plagioclase in an andesitc from the San Juan

!!ountains is in isotopic dissquil!brium with tha~atrix.

Stewart (1974) has proposed that plaqioclase-pyroxenecrystal

clots in andesites are breakdown productz of high-Al tunphiholes. In

Lassen rocks, it is clear that ths plagioclase-pyroxencclots in ande-

site and plagioclase-hornblendeclots in dacite are simply fragments

of the basaltic xenoliths, since a continuous size spectrum exists.

TIICpresence of glass, calcic pl,lgioclaseand magn~sian olivine in the

clots cannot be reconciled with the breakdoi:;nproduct hypothesis.

Stewart (1974) makes a distinction betwwn plagioclase + pyroxene +

!’llassclots a~ xennliths mId plagiocl~se + pyroxeileclots as amphibole

Droducts. Howwer, Folo olivinu and An85 plagioclr~seare present in

both glass-’present,~ndglass-absent clots at Baker, awl the Ln~scn
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)Smliths suggest that the amount of glass is caused by minor differ-

erizssin nixing and cooling history of Injected basalt. If, as the

:Strclogic evidence suggests, ncrthern Cascade andesite forms in a

~~nner similar tO southern Cascade anciesite,then the predominance of

sr.5~siteat Mt. Baker indicates that the parent magna bady is well

s~ir~ed. Thus it is m? surprising to find the hzsalt represented by

s-zlier xcnoliths.

‘i.gr~uchn~ss of Mfxinq and Evidence of partially Mixed ~.!aq~a Bodies

Exmples such as Mt. Baker and Glacier Peak show that mixing of

hesalitc and rhyolitic racjmascan be so thorough that end products of

Icterrnediatecomposition predominate, and little or no unnixed rhyo-

l;te reaches the surface. The basalt-rhyolite association as illus-

trated by the Yellowstone Plateau represents the opposite extrems,

w?~re rixed lavas are negligible in volume. Other volcanic and plu-

tanic complexes represent internisdiate cases where mixing is substan-

tial but unmixed end mmbers are still present, for example at Lassen

park and the Snoqualmie batholith. Bimodal volcanic fields tend to

occur in strongly faulted t~rrane. This relationship has been noted

PW’JiOUSIY on a large scale and correlated with plate tectonic setting

(~icran and others, 1!772; i%ristiansen ~nd Lipman, 1972) and it holds

c~ a sraller scale as well, within the Cascade Range. Fields which

~P$~t the entire spi?ctrum of composition such as Lzssen, !~edicine

La?.e,and ilewberrylie in areas of prominent faulting, while inter.

re~iate centers occur neurby where faulting is more subdued.
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Christiansen and Lipman (1972) have shown that a switch from inter-

mediate to bimodal co~positions has occurred at many centers in the

western United States and that this change occurred when block

faulting began. Since petrologic data indicate that the diversity of

end products depends on the amount of mixing of parental basalt and

rhyolite, it follows that strong faulting inhibits nixing. A likely

explanation is that high angle faults provide an easy path for rhyo-

lite diapirs to leak to the upper crust or surface where they crystal-

lize or erupt before thorough mixing with basalt can take place.

In complexes where mixing is not thorough, large plutons or vol-

canlc units may be expected to show the effects of partial mixing.

The simple case in which basalt magma enters the bottom of a rhyolite

ragma chamber has been described by Rice (1976). Initially, two sepa-

rate convection systems will be present because of the density differ-

ence between the magmas, and a mixed (andesitic)crystal-rich layer

will grow at the interface. Compositionally zoned tuff sheets in

which crystal-rich dacite or andesite overlies crystal-poor rhyolite

appear to represent the partial emptying of such a stratified chamber.

Although such sheets have been interpreted as products of frdctionol

crystallization (Hedge and Noble, 1976), several features are not in

accord with this hypothesis:

1. Th~ sheets are isotonically as well as composltionally

zoned, and phenocrysts are illisotopic disequilibrium with

the matrix in the dacitic or andesitic portions (Wle and

Hedge, 1969).
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?-a Variations in composltian are abrupt and most of the vari-

ation in bulk composition is due to a change in composition

of the matrix rather than the higher proportion cf phen~-

crysts in the andesitic pGrtionG (Lipnan, 1%7; Lipman and

othsrs, 1966).

Aso Caldera tuff sheets show 311upI,Ilr4increase in pa~tfal ly

i~eltedplagioclase~ appearance of F03C-35 olivine and AnUO plagioclase

in some of the andesitic upper units, 3ct ~-.”.....2akiunijantK.lficxeno-

liths (Lipman, 1957). IIobleand Hedge (1X9) found that sanidine in

the quartz latite top of a zoned tuff in :iev~daisotonically matches

thf:rhyo!ite bottom of the sheet. These daflz~re better explained as

the product of a part!ally mixed, sLI”aLjfjw! ~~g~l~ ~o~y in ~fhfch

rti~iiofienic rhyolite overlies less ~adioq~nic btsalt.

The sequence of eruption at other partinlly mixed centers appear

to match these tuffs. Sore San Juan cald’:raswhich wupt.ed rhynlitic

tuff subs~quently filled with dacitic or am!esitic lava (Steven and

Lipman, 1975). The Long Valley caldera has erupted clacitcand ande-

slte lavas following the Bishop rhyolite Wff (Bailey and others,

1976). Ccntws which erupted andesite following extrusion of rhyolite

fiumes or flows include !!t.Taylor (Fnkev Jnc!Ridlcy, 19/0) and the

.suiwiier”Coon Volc~nO (Lipmn, 195.?).

The lntter exmples my refl~:t the IO:.:r“”,fic-dnt::ll~:?).dZonation

of lmqms aS tTi12 t.uffr,or m:grelhvdn ircrt~lslllqlyml?~icmixture with

time hecnuse th~ rhyolit,i:in tl,e chr.-~h::r};dsnot rf:plc~lishcxl.‘rh

most cmmnon coro:pnsitio:~nllyrtquivalcntzol~ltic:]in plutonic bodic5 is
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rafic-otitward. !laficxenolith-bearing granodlorltes surround granite

ccres (Batman and !fahrhaftig,1966). These may represent a convec-

tion configuration in which the hybrid Is swept up the outside of the

cha~b~r (Rice, p~rsonal co~,~unlc~tjon)o Another pos~ibjlity is that

thi~ upward flux of basalt ceased between hybridization of the grano-

diorite and cnplacement of the last rhyolite magma diapir.

Field and petrographic evidence discussed above Imply that basalt

is the heat source which causes pdwtloil sf rhyolite melt, that con-

tinued upward flux of basalt generates the obs~rved range in cmrpo-

sttion and that the velure distribution of end products ilspendson th~

e~cunt of interaction of basalt and rhyolitc magmas. This ~:odcliS

de?icted in Fig. 5. The mocess is s:mply one by which upward migra-

tion of a hot melt, if there is enough of it, promotes msltlnq out of

: lower reltlng fraction at higher levels. Under some conditions, the

cooler melt retains its identity because its physical properties

differ greatly from the hot melt. In the model, the lo~lercrust is

chosen as a likely source for rhyolitc melt because it is the deepest

region, and therefore has the highest initial temperature, in which

racks of composition capable of producing significant avmnts of rhyo-

llte are likely to occur. The model implies th~t dcvclcqxiwntof a

sllicic i~neous complex is dependent on intensity of the has~lt flux

and a!)ilityof the lower crust to produce d rhyolitic melt. oc[tnnic

crust wfll do, but can proc!uce only trivial amounts of rhynlit~ cm:I-
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1. d ) };R119 -e!tin’~(lIb57/SrS5~S ‘JIX~l!lqed} Or an older iq-

nwus cornlcx.

h) 5’:<3352 L25.lit k2S lCW zbc’~~l”~s, a clI~si:,Ipproxil:ution

to the abnvn is b~?k i?jsip”iiatfonof :.’ttwfalby ba-

salt.

2. A Waq;-ac!iffcrenti~tesafititfie?rz-~ins fn its chalnterin a

moltnn statg.

In case (in) the secondlry is:lchrongives the ag= of the source

complex, in case (lb) the ap~roxi~:ate ag2 of the Contamindilt,in case

(7) the age of the differentiation evmt. C?;e (la) is geologically

unreasonable. Case (1!3) requirrs ~:lr~a5~cable a:lloun~scIf con-

tamination to produce sfllcic igneous rocks. Figure 6 sho~isthat

pseudoisnchrons are often too ynunq for caje (lb) and too old for case

19)\L .

In the mdel propnj:d fn :his p~p~r, parental rhyollte magma

Forms by partfal reltfng of Fore nafic raterfal. The rhyolite source

has the same Sr37/Sr8G value as tha rhyalite but lower Rb87/Sr86, and

therefore lies so-where on a horizontfilline to the left of the rhyo-

lltcon Fig. 6. A two-stag~ isochron whose slope reprcwnts the time

since the rhyolit~ sourco (lower crust) and basalt source (upper

n:antle) were fn irotopic cq’lilfhriu~lpasses thrcwh ~oints rcpro-

sentinq the rbyolitc ancl!’asflltsou)*sc or, as a close approximation,

the rhyoll!.e SOUPCR and $l~snltfnitial ratio. This line has the same

Thus the

a!;cof the
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.:5=*---, ‘zy be hybrids. Linear variation of U2’2/Pb204 with Pb205/Ph2cq
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c>”:l~sio!ls

:~e rodel proposed here explains the origin of a variety of

siliclc iyeous conplexes and can be tested by a variety of data. It

‘“:gzstst%t rift znd sli5ductlonzone ignecms activity are manifests-.

t:scs af sirilar parent ragnas produced in response to a heat source,

•~~ ~h~t.- the variety of end products is controlled by t~ctonlcs. Al-

t~xgh it contradicts the widely accepted Intinate relationship bc-

t’,,s~nandesite and su5ducted oceanic crust, the presence of voluminous

?P<esits In such places as Colorado dcrronstratesthat tho relationship

is not intirate. Finally, by Identifying the parent liquids, the

r~del provides a means of explorlng their source reqions.

::’+cowle.icmn?s.—

~.’anyof the ideas presented here evolved during discussions with

cA? colleagues et Los Alaros, mpecially B. Crowe. F. Koch, U. Hitsan,

E?< A. Rice. ‘Aethank T. Gregory, G. tlelkcn,T. PW%tchin, D. Ilann,

C. ‘;elsm J. Rowley, and L. Smith for their help and/or ellcouragcment.

Sz-:les fron Ecuador were collected with the guidance of M. Hall,

Escuela ?olitecnica :hcional~ Quito. This wark was pm-formed under

t?z ezsg?ces of tt?a Us. Encr~y Research ilnd Drw:lopment

‘S-inistrazion.F
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1. Average of xenoliths in F!odernSwies, Santorini Volcano, Greece
(Nicholls, 1!)71).

2. Xenolith in clacite,l!edicinsLake !-ligkl?nd, California ‘Anderson,
1941; Eichelberq@r, 1975).

3. Xcnolith in c!a~ite, Lassen Vo?canic :Ietfonal Park, California
(!~illiam~, 1931).

4. PorFhyritic rind on x:rolith in c!acite(Fig. 1), Lassen Volcanic
National Park, California. Ana;yst: John Ilusler, University c,f
Hew Mexico.

5. ;.licroxeno:ithin an!es!tc, r’!t. %kzr, Washington. Silica and
alumina content csti;lted frcm i+ads. SJtownite occurs as ccres of
some plag[oclase grains.
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TABLE II
COMPARISON OF OBSERVEO BULK CO;IPO5ITIO;ISMITH COMPOSITIONS

CALCULATED FORMIXTURES OF RHYOLITEAIID BASALT

Snoqualmle Clacicr Peak

1 2 3 4 5 6

sio2

Ti02

‘12°3
FcO

Mgn

Cao

r!a20

K20

65.6 65.3

0.5 0.6

15.7 15.0

4.5 5.0

2.3 2.5

4.5 4.9

3.4 3.1

2.3 2.0

57.0 57.4

().8 0.9

18.0 17.1

5.9 6.1

4.9 5.2

7.0 7.2

3.5 3,4

1.2 1.2

63.4

●07

16.9

4.4

2.9

4.ff

4,1

1.8

63.9

0.6

15.9

4.3

3.2

4.9

3.7

2.0

1. Average granodiorite (33 analyses).
2. Mixture: three parts rhyolite (9 analyses) to two parts basalt (6

analyses,.
3. Andesitcof Gamma Ridge (1 analysis).
4. Mixture: three parts rhyollte (3 analyses to swen parts basalt

(2 analyses).
5. Average dacite (11 analyses).
6. Mixture: three parts rhyolite (3 analyses) to two parts basalt (2

analyses).

All data are from Erickson (1969) an~iTahortind Crowc!cr(1969). See
text for discussion of selcctcd l)3S~lt and rhyolitc parent
compositions.
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:0 1. Portion of larqe zoned plagioclase-hornblendexenollth (dark
grzy) and dacite host (light gray) from Chaos Crags, Lassen
Volcanic Xatioqal Park, CA. From left to right are
r~diun-grained core, porphyritic fine-graincd rind (Table I,
‘fialysis4), and aacite host- Note small fragwnts of both
zones of xenolith In dacite at far right. For plutonic
equivalent, see Didier (19730 p. 22S). Bar length is 2 cm.

‘~:. 2. A’/eraqenormative composition of glass inclusions in andesins
artiqtiartzpkenocrysts in dacite and andcslte from Lassen
Volcanic ~;ationalPark, based on complete electrun r:icroprobe
analyses, Locat~on of glasses are:

1. Core of unnelted plagioclase in Chaos Crags dacite (8
analyses).

2. Unnelted core cf partially melted plagioclase In por-
phyritic rind of basaltic xenolith (Fig. 1), Chaos Crags
dacite (3 analyses).

3. Core of quartz In Chaos Crags dacite (5 analyses).
4. Unrelted core of partially melted plagioclas!:in Prospect

Peak andesit= (analyses).
5. Core of quartz in Prospect Peak andesite (2 analyses),

The aosftion of the rhyGlite glasses In the andesite with
respect to the clustered analyses for the dacite is apparent-
lydue to expansion of the liquid stability field in the
hotter andesite hybrid. Phwocrysts representative of
locations 3, 4, and 5 are shown in Fig. 3.

‘!:, 3. Cory?arisonof basaltic xenollths and rhyolite-dsrived pheno-
cry:+.s~n dacite (line 1) and andesite (line 2). Colun:nA is
hasa”iticxenoliths, B fs partially melted plagioclase, C is
quartz. The dacite is from Chaos Crags and represents ap-
prctxirately four parts rhyolite to one part basalt, by
hwfg!lt. The a,ldesiteis frorilProspect Peak and represmts
am”oxicately two parts rhyolite to three parts basalt, by
weight.

Elci:e: Basaltic xenoliths are plagioclase plus hnrnblcndc
plus glass (1A). Chilled margin Is 1A’ (compare
with Tabor and Crowder, 1969, p. 13). Plaqioclase

1
lB) has An core, thin partii~l melt zon~
dark), and &figlly zoned An75-50 ovwgrowth.
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5::.” ; m
,., . !Iholerock initialti75r/u5Sr versus “Rb/HbSr for several

volcanic suitqs:

Pseuda-
isochron Number of

‘::-bpr Suii~ Locazian “Age” in N’f Analyses

1 Lbggie Spring Wnber Arizona
Sup~rstition ‘u$f (con-

33 3

Dositionally zoned tllff)

2 garroso ~~olcani~s Peru 400 8

3 Fantale ‘Jolcano Ethiopia 3 12

/. Aden Volcano - Main Yemen 35 8
Cone Series

Kd Aden ‘Jolcano- Shwson Ycnlwl 12 5
Caldera Series

L~tters denote composition of samples at cxtrwres of each dots seL.

Rsference.—

Stuckless and
O’tieil (1973)

Jams and
others (1976)

Dickinson and
Gibson (1972)

Cartw and
l;orry (1976)

Carter and
1{01’i”~ (1375)
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Fig. 3
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